2
Introduction
Solid oxide fuel cells (SOFCs) coupled with biomass source offer the potential of highly efficient combined heat and power generation [1] . The theoretical energy performance expected from integrated biomass gasifier and SOFC systems has been investigated by several authors [2] [3] [4] [5] [6] and efficiency as high as 50% (biomass-to-electricity, LHV basis) can be reached. However, the direct use of biosyngas may degrade the performance of SOFCs as it contains minor species, including particulates, hydrogen sulfide, chlorides, alkali compounds, and tars. These species can deactivate or damage SOFC anodes [4, [7] [8] [9] [10] when contained in the feeding stream. Among these trace species, tars have been identified as a major concern in developing gasifier-SOFC power systems as they can potentially deactivate the anode catalysts and degrade fuel cells performance mainly through carbon deposition [11] . Tar removal is still a critical issue in the effort toward integrated biomass-fed gasifier fuel cell systems [12] . The amount of tars in the syngas depends much on the gasifier configuration (up-draft, down-draft, fluidized circulating bed) as well as operating conditions (gasifier agent, temperature and pressure). A study of Phuphuakrat et al., (2010) showed for a downdraft dry sewage sludge gasifier, a syngas with the following tar content: essentially benzene, toluene, xylene, styrene, phenol and naphthalene [13] . Furthermore, when seeking for a hot integration of the gasifier with the SOFC generator, tar removal at high temperature becomes generally costly as a dedicated catalytic tar cracker reformer is mandatory. There is still the risk of trace amount of heavy hydrocarbons that passes through the catalytic bed to achieve the SOFC anode. In Aravind et al., (2008) was studied the impact of naphthalene (110 ppm(v)) on the performance of electrolyte supported cells with a graded Ni-GDC anode [7] . The cell showed feasible performance with that concentration. However, only a H 2 -H 2 O anode feeding mixture was tested and no results were provided for CO-, CH 4 -containing fuel. Recently, Liu et al., (2013) studied the effect of toluene on the performance of Ni-GDC anodes in electrolyte-supported type cells [14] . Toluene was well tolerated during the experiments up to 20 g/Nm 3 (corresponding to around 5,000 ppm(v) of contaminant in the anode syngas feed). The performance of Ni-GDC composite anodes is generally recognized to be more resistant to carbon deposition than Ni-YSZ, as also shown in the study of Lorente et al., (2013) , where the two materials were tested with real tar fractions in a micro-reactor configuration [15] . The short-term operation (~7 hrs) on a high tar load (>10 g/Nm 3 ) has proven that tars did not cause immediate problems to Ni-GDC anode operation [7] . Indeed, no performance losses were observed and no carbon or other product gas trace constituents contamination of the anodes was found when the SOFC membranes were examined with SEM/EDS after the tests. To avoid carbon deposition it seems to be a synergic effect of having a thin Ni-GDC anode support on an electrolyte supports during the electrochemical operation. The degradation. From such experiments, more refined with the ESC-type cell, the clearly emerging trend is that the higher the C amount (i.e., the heavier the tar), the higher is also the degradation.
Carbon deposition was the recognized source of degradation, even though very fast deactivation occurs which may be due to also to other phenomena that we have tried to better understand with the present work. The effect of acetylene (C 2 H 2 ) and C 2 H 4 (ethylene) was also studied, resulting in no degradation when feeding up to 0.1 %vol. of C 2 H 2 and 1.4 %vol. of C 2 H 4 . Again, lower Ccompounds are easily converted as fuel in the SOFC. This is true also for toluene, however deactivation and related cell degradation start becoming evident. For heavier compounds (i.e., C ≥ 10), degradation becomes more marked and fuel conversion is strongly inhibited (also for lighter hydrocarbons present in the anode feed).
In this study, we have chosen toluene and naphthalene as tar model compounds to study the electrochemical performance of a commercial Ni-YSZ anode-supported SOFC running on simulated bio-syngas containing up to few ppm(v) of such hydrocarbons. Only few studies report the effect of such contaminants on the SOFC performance when running with such anode mixture.
A real syngas fuel was reproduced and a full understanding of the interaction of naphthalene with a Ni-YSZ under relevant electrochemical operating conditions is still lacking. Our focus is limited to the impact of few ppm(v) (up to 50 ppm(v)) of naphthalene in the anode feed. We focus on commercial-type anode-supported Ni-YSZ cells, for which almost no literature studies are available for SOFCs fed by heavy tars in a syngas mixture during an electrochemical experiment.
Material and methods
The experiments are intended to simulate the behavior of wood gas from biomass gasification on a SOFC anode. In the test bench, synthetic wood gas consisting of H 2 , CO, CH 4 , CO 2 and N 2 that are mixed using five mass flow controllers (Bronkhorst, The Netherlands). A liquid mass-flow controller in connection with a controller mixer evaporator was used to feed and vaporize water, to be mixed with the other dry gaseous components. Naphthalene was co-fed with H 2 using a certified gas cylinder (Siad Spa, Italy) containing 50 ppm(v) of C 10 H 8 in H 2 . The cylinder pressure was limited to 28 bar(g) in order to avoid tar condensation and thus segregation from the gas matrix.
Toluene was co-fed with CH 4 using a certified gas cylinder (Siad Spa, Italy) containing 200 ppm(v) of C 7 H 8 in CH 4 . The cylinder pressure was limited to 46 bar(g) in order to avoid tar condensation and thus segregation from the gas matrix. Such approach is useful when co-feeding, with anode mixture, low or ultra-low concentration of contaminants in an extremely accurate way. Nonetheless, conventional systems based on evaporator and carrier gas, where the contaminant is available as pure compound and a carrier gas is used to extract the vapor phase formed above the liquid (or solid) volume fraction, are the only option for higher concentrations. In this study, the interest was to find the threshold limit of heavy tar compounds affecting the SOFC performance. Moreover, in the real-configuration system, testing low concentrations could be also relevant as they could represent the case of a tar-cracker able to convert most of the tar in the producer gas, leaving however some hydrocarbons unconverted. Nonetheless, the main motivation of using low concentrations to investigate the underlying degradation phenomena occurring in the presence of According to Guerra et al., (2014), we selected the fuel flow and the nickel anode amount: the nickel anode half-cell reduced was about 0.55 g [18] . An HPR-20 mass spectrometer (Hiden ltd, UK) has been adopted to monitor the furnace outlet gas concentration.
Results

Naphthalene effect on SOFC performance
The effect of Naphthalene was first check against an anode feed containing H 2 -fuel only, humidified at 6.1%. The fuel cell performance was not affected by the presence of a varying amount of C 10 H 8 up to 50 ppm(v) under an operating temperature of 750 °C and a current density of 0.33 A/cm 2 ( fig. 1 ). In fig.2 the EIS were measured during the galvanostatic experiment shown in fig. 1 (portion of the graph on the left, where H 2 fuel is used). Essentially the impedance response was observed with/without the tar. Actually, a slightly shift on the left (meaning lower overall polarization) was observed when feeding naphthalene as a result of an activation process still occurring. Adding at the hydrogen stream, naphthalene the test improves due to the more fuel adopted that is reformed on the cell. Considering the intercept with the real axis a slight improvement is recorded for the H 2 + C 10 H 8 case. However, the shape of circles observed is essentially the same, underlying that no interaction of tar with electrochemical performance were observed with H 2 fuel only at such low tar concentrations in the feeding fuel. In fact, the ASR value is 0.52 cm 2 with pure H 2 and 0.49 cm However it is not clear its effect on water-gas shift reactions considering that a potential is also applied to the electrode. Considering that the syngas contains both CH 4 
Toluene effect on SOFC performance
Due to results achieved in the previous section toluene was tested only with syngas mixture in order to investigate the tar effect on SOFC performance. As pointed out in figures 5 and 6, when feeding the syngas mixture with two different amount of toluene, 3.8 and 24.2 ppm(v) the response was completely different. When 3.8 ppm(v) of toluene was added to the syngas, the EIS behavior and cell voltage value were slightly higher than the values recorded in clean syngas. In figure 5 (galvanostatic mode) it is shown that for almost 100 hrs the cell performance has been improved, as water decreasing the electrochemical fuel available. Adding to the syngas mixture 3.8 ppm(v) of toluene, the AR value remains almost unchanged with the clean fuel. This demonstrates how the cell behavior is not affected by toluene at such concentrations. Increasing the toluene concentration the ASR increases due to problems related to the syngas direct internal reforming on the cell, hampered by the difficulty of reforming such tar compound with a syngas mixture. A similar behavior was recorded when it was tested naphthalene (10 ppm(v)) with a syngas mixture. The ohmic contribution, Re, remains stable for all the case studied. The most affected term is Rp2, increasing the toluene from 3.8 ppm(v) to 24.2 ppm(v). This value is related to the low frequency term that considers mass transport phenomena. Removing from the syngas mixture the ohmic contribution remains stable, while Rp2 change.
Naphthalene catalytic study on Nickel anode compartment
The anode nickel based fuel cell have been fed with H 2 /CO 2 and syngas mixtures at 700 °C in a catalytic reactor (without electrochemical reactions). The goal of this section is to verify the difficulty to complete the reverse water gas shift reaction (RWGS) (eq. 3) using naphthalene as tar model in the gas mixture. 
Conclusions
Assuming the SOFC operating at a constant current density the fuel utilization depends very much on the reforming rate. Since the steam reforming and WGS reactions occurs on the Ni catalyst surface according, it is possible that adsorbed hydrocarbons in case of slow conversion reaction kinetics -as it is the case of Naphthalene -they also slow electrochemical reactions by occupying active sites of the TPB. The steps of the reforming reaction mechanism are: adsorption of methane on the Ni surface, decomposition, surface reaction and desorption of the products from the Ni surface. The kinetic inhibition is due to the many steps of the reforming reaction that can lead to a decreasing reactive surface caused by the adsorption on the Ni particle. The adsorption and desorption of naphthalene is obviously interfering with the reforming of methane and WGS (i.e., by the fuel cell. The latter fact could lead to anode re-oxidation that would be very critical as yielding a reduced overall SOFC lifetime.
